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Description 

[0001 ] The present invention relates to a magnetic re- 
cording medium that is used in hard disk drives, and the 
method for manufacturing this medium. More particular- 5 
ly, the present invention relates to improvements to a 
recording medium providing enhanced surface record- 
ing densities. Further still, embodiments of the present 
invention can provide improvements that increase the 
density. 

[0002] In a previously-considered magnetic disk me- 
dium 60, as shown in FIG. 1 A, an underiayer 2 is a non- 
magnetic material, such as chromium, and is deposited 
on a non-magnetic substrate 1, such as an aluminum 
substrate. In addition, a magnetic layer 3 composed of 
an alloy having cobalt as the primary component is 
formed on the underlayer 2. Furthermore, a protective 
film 4 such as amorphous carbon is formed on the mag- 
netic layer 3. 

[0003] In order to increase the track density of the 
magnetic disk medium, the core width of the magnetic 
head for recording must be narrowed and the width of 
a recording track must be reduced. However, in a meth- 
od which uses a magnetic head to record information, 
excess recording takes place in the sections (guard 
bands) between the recording tracks due to the leak 
magnetic field generated from the side surface of the 
recording head. This kind of recording is called side 
erase and is a source of noise during reproduction. The 
width of the side erase will hardly change unless the gap 
length and the amount of head flotation are reduced, 
even if the track density is increased and the core width 
of the magnetic head for recording is narrowed. There- 
fore, the signal-to-nolse ratio (S/N) during recorded data 
reproduction becomes hard to guarantee as the track 
width decreases. 

[0004] As shown in FIG. 1B, a disk medium 61 in 
which the tracks 9 are physically separated during man- 
ufacturing by forming grooves 8 along the circumferen- 
tial direction of the disk substrate 1 and guard bands are 
allocated to the grooves. In this magnetic disk medium 
61 , if the depth of the grooves is adequate, the leak mag- 
netic field from the recording head does not reach the 
magnetic layer 3 on the groove 8, and track edge noise 
is suppressed. This is believed to be effective in increas- 
ing the track density. 

[0005] The width of a guard band is expected to be 
no more than 0.2 )im as the tracks achieve higher den- 
sity in the future. Consequently, the groove width must 
follow this decrease, but there are limitations in the 
groove forming techniques. 

[0006] Furthermore, a medium that is formed with 
grooves has a roughness that causes a height differ- 
ence ranging from several dozen nanometers to several 
hundred nanometers on the surface of the medium. In 
future magnetic disk media, the amount of flotation of 
the magnetic head will become 30 nm or less as the den- 
sity increases. In a hard disk drive, air current that is 



generated by the high-speed rotation of the disk raises 
the slider that mounts the magnetic head in order to al- 
low the magnetic head to record and reproduce with no 
contact with the disk. However, if there is roughness on 
the disk's surface, turbulence in the air current will pro- 
duce fluctuations in the level of flotation of the slider, the 
result of which is instability. This presents a significant 
problem for the extremely smalt amounts of flotation of 
30 nm or less that Is demanded for future magnetic disk 
media. 

[0007] It is desirable to provide a magnetic recording 
medium suited for high-density recording. It is also de- 
sirable to provide a magnetic recording medium that has 
a high track density. It is also desirable to provide a mag- 
netic recording medium that has a high signal to noise 
ratio. It is also desirable to provide a magnetic recording 
medium which reduces writing to the guard bands. It Is 
also desirable to provide a magnetic recording medium 
that allows lower flotation of the magnetic head. 
[0008] A magnetic recording medium embodying one 
aspect of the invention includes a recording layer de- 
posited on a non-magnetic substrate. The recording lay- 
er includes a first ferromagnetic layer, a non-magnetic 
layer, and a second ferromagnetic layer successively 
deposited on the non-magnetic substrate. 
[0009] Certain regions of the recording layer are heat- 
ed to create recording areas in which the first and sec- 
ond ferromagnetic layers are f erromagnetically coupled. 
The recording areas are separated by non-recording ar- 
eas in which the first and second ferromagnetic layers 
are anti-ferromagnetically coupled. 
[0010] Reference will now be made, by way of exam- 
ple, to the accompanying drawings, in which: 

FIGS. 1 A and 1 B are cross-sectional views of a pre- 
viously-considered magnetic recording medium; 
FIG. 2A is a diagram of the film structure of a pre- 
viously-considered spin valve type read head; 
FIG. 2B is a diagram of the film structure of a read 
head having a multilayered ferromagnetic spin 
valve film; 

FIGS. 3A, 3B, 3C and 3D are graphs that plot the 
characteristics of the dependence of the magneti- 
zation lines in a multilayered ferromagnetic film on 
the applied magnetic field and the annealing tem- 
perature; 

FIG. 4 is a cross-sectional view of a magnetic re- 
cording medium embodying the present invention; 
FIGS. 5A, 5B and 5C are diagrams that show 
changes in the magnetization state of the recording 
layer caused by heating; 

FIG. 6 is a diagram of another example of the mag- 
netization state of the recording layer after heating; 
FIG. 7 shows the process for making the recording 
layer ferromagnetic; 

FIG. 8 is a top view of a magnetic disk apparatus 
equipped with a magnetic recording medium em- 
bodying the present invention; and 
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FIG. 9 is a cross-sectional view of the magnetic disk 
apparatus shown in FIG. 8. 

[0011] To better understand the present invention, a 
multilayered ferromagnetic spin valve film which is used 
in a read head will be described. The multilayered fer- 
romagnetic spin valve film (Fig. 2B) differs from a pre- 
viously-considered spin valve film (Fig 2A) and features 
a pinned layer composed of three layers of a ferromag- 
netic layer 1 5, a non-magnetic layer 1 6, and a ferromag- 
netic layer 17. The ferromagnetic layers forming the 
pinned layer are Co or CoFe and the non-magnetic layer 
is Ru. By making the film thickness of the Ru layer 10 
Angstroms or less, magnetic interactions exhibit anti- 
ferromagnetism between the upper and lower magnetic 
layers. Ru diffusion begins if this type of multilayered 
ferromagnetic spin valve film is maintained for several 
hours at a temperature around 250*^0, under various 
conditions. As a result, pin holes are partially formed and 
ferromagnetic coupling is produced between the upper 
and lower ferromagnetic layers. Thus, the film begins 
changing from anti-ferromagnetism (orferromagnetism) 
to ferromagnetism with heating. 
[0012] FIGS. 3A through 3D are graphs showing the 
dependence of the magnetization line on the annealing 
temperature In the multilayered ferromagnetic spin 
valve film. These figures show the characteristics for an- 
nealing temperatures of 200**C, 250''C, 300**C, and 
320^C, respectively. The multilayered ferromagnetic 
spin valve film used here is composed of Ta (50), CoFeB 
(30), Ru (5), CoFeB (30), and Ta (30) successively de- 
posited in layers on a Si substrate. The number en- 
closed by parentheses indicates the film thickness in 
Angstroms. 

[0013] In the state having an annealing temperature 
of 200^C, the magnetic field Hs is large (around 4,000 
Oe) where saturation of magnetization occurs, and the 
residual magnetization is 0. The upper and lower mag- 
netic layers are in the anti-ferromagnetic coupling state. 
[0014] As the annealing temperature increases, Hs 
becomes smaller, residual magnetization develops, and 
the upper and lower magnetic layers change to ferro- 
magnetic coupling because the magnetic layers partially 
couple ferromagnetically by spreading to the magnetic 
layer In the Ru layer. 

[0015] The magnetic layer - non-magnetic layer - 
magnetic layer structure exhibits ferromagnetic cou- 
pling between the magnetic layers by heating it to at 
least 250*'C. The present invention focuses on this phe- 
nomenon and applies it to produce high track density in 
the medium. 

[0016] In an embodiment of the present invention a 
magnetic recording medium is formed by successively 
depositing a first ferromagnetic layer, a non-magnetic 
layer, and a second ferromagnetic layer as the recording 
layer. The magnetic recording medium has some re- 
gions that anti-ferromagnetically couple and are incapa- 
ble of magnetic recording. Other regions ferromagneti- 



cally couple the first and second ferromagnetic layers 
and are capable of magnetic recording. A high degree 
of surface smoothness is obtained because grooves are 
not formed. Therefore, a further decrease in the amount 
5 of flotation of the head and a higher recording density 
can be designed. Furthemnore, manufacturing costs can 
be reduced. 

[0017] The regions that are anti-ferromagnetlcally 
coupled and the regions that are ferromagnetically cou- 

10 pled as described above are concentric and alternately 
placed in a radial direction. According to this structure, 
the regions which are ferromagnetically coupled can be 
allocated as the recording tracks, and the regions that 
are anti-ferromagnetlcally coupled can be allocated as 

15 the guard bands. Thus, track edge noise is suppressed 
and a high S/N can be maintained even for a narrower 
recording track pitch. In addition, the width of a guard 
band can be narrower than the width of a guard band 
provided by a groove. The regions will narrow following 

20 the narrower track width because the regions to be heat- 
ed are allocated to become recording tracks having a 
relatively wide width. As a result, a higher track density 
can be designed for the magnetic recording medium. 
[001 8] In this embodiment of the Invention, a state is 

25 produced in which magnetic recording is not possible 
due to the mutual negation of the magnetization be- 
cause the ferromagnetic layers which are anti-ferromag- 
netlcally coupled form a magnetically closed circuit and 
the magnetic flux does not leak to the outside. 

30 [001 9] The film thickness of the non-magnetic layer in 
the recording layer is preferably 10 Angstroms or less 
in the magnetic recording medium of this embodiment. 
Based on this structure, a state is produced in which 
magnetic recording is not possible and the first and sec- 

35 ond ferromagnetic layers are anti-ferromagnetically 
coupled. 

[0020] The magnetic recording medium is manufac- 
tured by successively depositing a first ferromagnetic 
layer, a non-magnetic layer, and a second ferromagnetic 

40 layer on a non-magnetic substrate and locally heating 
the non-magnetic layer. In a heated region, the first and 
second ferromagnetic layers are ferromagnetically cou- 
pled and magnetic recording becomes possible. In a re- 
gion which is not heated, both ferromagnetic layers are 

45 anti-ferromagnetlcally coupled and magnetic recording 
is not possible. By using this manufacturing method, the 
magnetic recording medium is divided into regions that 
are capable of magnetic recording and regions that are 
incapable of magnetic recording. A high degree of sur- 

50 face smoothness is obtained because the implementa- 
tion does not use a forming process such as groove 
forming. Therefore, the amount of flotation of the head 
can be further reduced, a higher recording density can 
be produced, and manufacturing cost can be reduced. 

55 [0021] Preferably, the recording layer is heated in 
concentric circular shapes. The heated regions can be 
allocated as the recording tracks because magnetic re- 
cording is possible, and the intervening regions which 
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are not heated can be allocated as the guard bands be- 
cause magnetic recording is not possible. Consequent- 
ly, track edge noise can be suppressed, and a high S/N 
can be maintained even for a narrower recording track 
pitch. In addition, the width of a guard band can be nar- 5 
rower than the width of a guard band provided by a 
groove. Furthermore, the regions can be narrowed even 
as the track width becomes more narrow because the 
regions to be heated are allocated to be relatively wide 
recording tracks. Thus, a higher track density can be de- 
signed for the magnetic recording medium. 
[0022] The coupling state of the first and second fer- 
romagnetic layers can change from anti-ferromagnetic 
to ferromagnetic by heating the recording layer to at 
least 250*'C. Heating the recording layer by local irradi- 
ation, for example by a laser, a light, or an electron 
beam, the width of the regions which are ferromagneti- 
cally coupled (i.e. the width of the recording tracks) can 
be narrower. This is effective in increasing the track den- 
sity of the magnetic recording medium. 
[0023] Fig. 4 shows a cross-section of a magnetic re- 
cording medium 10 embodying the present invention. 
Specifically, an underlayer 2, a recording layer 3, and a 
protective layer 4 are successively deposited on the 
non-magnetic substrate 1 , and then a layer of a lubricant 
5 Is formed on the protective layer 4. The recording layer 
3 has a multilayered ferromagnetic structure and is com- 
posed of the three layers of a lower fen-omagnetic layer 
31, a non-magnetic layer 32, and an upper ferromag- 
netic layer 33. Each film that comprises the magnetic 
recording medium 10 is described below. 
[0024] The substrate 1 is composed of a non-magnet- 
ic material and has a disk shape. The material forming 
the substrate 1 can include: a disk of aluminum (includ- 
ing aluminum alloys) plated with NiP, a glass disk (in- 
cluding reinforced glass), a silicon disk having a surface 
oxide film, a SiC disk, a carbon disk, a plastic disk, and 
a ceramic disk. 

[0025] The substrate 1 does not have to undergo tex- 
ture processing. In addition, the size of the substrate 1 
is determined to correspond to the type of preferred me- 
dium and the magnetic disk apparatus to be used; the 
diameter is generally 1 inch to 3.5 inches, and the thick- 
ness is generally 0.5 mm to 1 .0 mm. 
[0026] The underlayer film 2 is composed of a non- 
magnetic metal material having chromium as its main 
component. The specific material is a metal material 
having only chromium as the main component, or a 
chromium alloy such as CrW, CrV, CrTi, or CrMo. The 
underlayer film 2 is deposited in a layer by, for example, 
magnetron sputtering. Other film deposition methods 
that may be used Instead of magnetron sputtering are, 
for example, vapor deposition and ion beam sputtering. 
The underlayer film 2 should be formed under the pre- 
ferred conditions including: a substrate temperature 
around 200°C, an Ar gas pressure from 1 to 10 mTorr, 
and a DC bias voltage of 100 to 500 V. The thickness of 
the underlayer film 2 Is determined from a wide range 



corresponding to various factors, but the preferred thick- 
ness range is 10 to 100 nm. 

[0027] This structure does not necessarily have to 
possess the underiayer 2, and one can deposit a mag- 
netic layer 3 without an intervening underlayer on the 
substrate 1. Furthemnore, a single layer or a multilay- 
ered structure is possible. 

[0028] The recording layer 3 is composed of a multi- 
layered ferromagnetic film formed by successively de- 
positing a lower ferromagnetic layer 31 , a non-magnetic 
layer 32, and an upper ferromagnetic layer 33. Co alloys 
form the lower and upper ferromagnetic layers 31 and 
33 in the recording layer 3, which are the same as the 
magnetic recording layer in a conventional magnetic re- 
cording medium. For example, Co binary alloys such as 
CoPt, CoNi, CoCr, and CoFe; Co ternary alloys such as 
CoCrR; and quatemary alloys or quinary alloys with Ta 
or Nb or B added to CoCrPt can be used. The ferromag- 
netic layers 31 and 33 are usually deposited by magn- 
etron sputtering, or by one of the other aforementioned 
methods, and are preferably formed at a substrate tem- 
perature around 200°C and under an Ar gas pressure 
of 1 to 10 mTorr. 

[0029] The lower ferromagnetic layer 31 and the up- 
per ferromagnetic layer 33 may be formed from different 
materials or have different composition ratios. However, 
to obtain an adequate signal, the sum of the film thick- 
nesses of the lower 31 and upper 33 ferromagnetic lay- 
ers is neariy equal to that of a previously-considered 
magnetic layer as shown in FIG. 1, and is preferably 
about 200 Angstroms. 

[0030] Specific materials for forming the non-magnet- 
ic layer 32 in the recording layer 3 are selected from 
non-magnetic transition metals like Ru, Cu, or Cr, but 
Ru, which obtains an excellent thin film, is preferred. The 
non-magnetic layer 32 is usually fonmed by sputtering 
(e.g. magnetron sputtering). Other forming methods are 
vapor deposition and ion beam sputtering. The film is 
formed preferably at a substrate temperature around 
200°C and under a gas pressure of 1 to 10 mTorr. The 
film thickness of the non-magnetic layer 32 is set to a 
value at which the lower ferromagnetic layer 31 and the 
upper ferromagnetic layer 33 are anti-ferromagnetically 
coupled, and is preferably no more than 10 Angstroms, 
although this may present problems for the material of 
the non-magnetic layer 32. 

[0031] Figures 5A through 5C are cross-sectional 
views in the radial direction of the recording layer 3 in a 
magnetic recording medium 1 0 embodying the present 
invention, and show the magnetization state in the cir- 
cumferential direction. As shown in these figures, the 
recording layer is divided into appropriately sized do- 
mains and magnetized. "F" in the figure indicates a fer- 
romagnetic region. "AF" indicates a region in which the 
ferromagnetic layers 31 and 33 are anti-ferromagneti- 
cally coupled. 

[0032] In the recording layer 3 of the magnetic record- 
ing medium 10, the ferromagnetic layers 31 and 33 are 
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anti-ferromagneticalty coupled across the entire area of 
the medium, as shown in FIG. 5A, when the film is 
formed. In this state, magnetic recording is not possible. 
Therefore, in this embodiment of the present invention, 
locally heating the recording layer 3 induces the non- 
magnetic fayer 32 to spread, devefops ferromagnetism 
in some regions, and creates a state where magnetic 
recording is possible. 

[0033] As illustrated in FIG. 7, after the recording layer 
3 is formed, the laser light emitted by the laser light 
source 11 is focused by the focusing lens 12 and fails 
incident on the surface of the medium 10 while the me- 
dium 10 is rotating. The recording layer 3 (FIG. 5A) is 
heated to at least 250''C along the circumferential direc- 
tion accompanying the rotation. The spot diameter of the 
laser light, with a wavelength of no more than 100 nm, 
is adjusted to be identical to the width of a recording 
track. The laser power preferably ranges from several 
dozen milliwatts (mW) to several watts (W). As shown 
in FIG. 5B, the regions heated in the recording layer 3 
disappear because the non-magnetic layer spreads to 
the ferromagnetic layers 31 and 33. The ferromagnetic 
layers 31 and 33 are ferromagnetically coupled and are 
magnetized in the same direction. The laser spot is then 
set at prescribed intervals in the radial direction of the 
medium 1 (FIG. 4) and is moved to heat the recording 
layer 3 in concentric circular shapes. The sections not 
irradiated by the laser maintain anti-ferromagnetism. 
[0034] The regions which are ferrorDagnetlcaWy cou- 
pled and the regions which are anti-ferromagnetlcally 
coupled altemately appear along the radial direction of 
the medium, as shown in FIG. 5C. Also shown in FIG. 
5C, the non-magnetic layer 32 disappears over the en- 
tire object in the heated regions, and a fen^omagnetic 
object 35 is formed. As shown /n FIG. 6, the heated re- 
gions magnetize the ferromagnetic layers 31', 33' in the 
same direction even if a non-magnetic layer 32' re- 
mained without spreading, and the entire object can ex- 
hibit ferromagnetism. The extent of the spread of the 
non-magnetic layer depends on the recording layer 
heating time and the film thickness of the non-magnetic 
layer 32. As the heating time increases or the film thick- 
ness of the non-magnetic layer thins, the degree of 
spreading increases and easily produces the structure 
shown in FIG. 6C. 

[0035] The sections which are anti-ferromagnetically 
coupled have a state in which the lower ferromagnetic 
layer 31 and the upper ferromagnetic layer 33 are mag- 
netized in mutually opposite directions. The magnetiza- 
tion of the upper ferromagnetic layer 33 recorded by the 
leak magnetic field of the write head is negated by the 
magnetization of the lower ferromagnetic layer 31. 
Therefore, magnetic recording is not possible in the sec- 
tions which are anti-ferromagnetically coupled. By allo- 
cating the sections which are ferromagnetically coupled 
as the recording tracks and allocating the sections which 
are anti-ferromagnetically coupled as the guard bands, 
the recording tracks are magnetically isolated and a high 



S/N is obtained. However, noise will result if the mag- 
netization is not completely negated. This problem is 
solved by making the film thickness of the lower ferro- 
magnetic layer 31 thicker than the film thickness of the 
5 upper ferromagnetic layer near the head, or by using a 
material that has a stronger magnetization than the up- 
per ferromagnetic layer 33 in the lower ferromagnetic 
layer 31. 

[0036] As described above, an embodiment of the 
present invention forms the guard bands by heating. In 
the method that forms the guard bands from grooves by 
making the width of a guard band 1/5 to 1/10 the width 
of a track, the precision of the process is moving closer 
to the limits of present technology. In an embodiment of 
the present invention, the forming process is not needed 
to form the guard bands, and the track width and the 
track pitch can be nan^ower. 

[0037] An embodiment of the present invention fea- 
tures heating the regions that become the recording 
tracks. In contrast to the technique that heats the guard 
bands to produce guard bands having a higher coercive 
force or anti-ferromagnetism to prevent writing to the 
guard bands, this embodiment has higher manufactur- 
ing tolerances to allow further increases in the track den- 
sities because the recording tracks, which are wider 
than the guard bands, are heated. 
[0038] The protective film 4 (FIG. 4) becomes a car- 
bon substance, a compound Including carbon, for ex- 
ample, WC, SiC, B4C, hydrogen containing carbon, or 
diamondlike carbon (DLC) when attention is paid to hav- 
ing a high hardness. The protective film 4 is preferably 
formed by sputtering (e.g. magnetron sputtering). Other 
film forming methods, such as vapor deposition and ion 
beam sputtering, can be used instead of sputtering. The 
suitable conditior^s for forming the fi)m are a film forming 
temperature from 20 ''C to 100°C and an Ar gas pres- 
sure from 1 to 10 mTorr. The film thickness of the pro- 
tective film 4 depends on various factors and is set within 
a broad range, but is preferably from 5 nm to 20 nm. 
[0039] A lubricant film 5 (FIG. 4) is composed of a 
fluorocarbon resin material and has a film thickness 
from 0.5 nm to 2 nm. The lubricant film 5 forms a film of 
the lubricant on the medium by submerging the medium 
1 1n a solution containing the lubricant material. The film 
thickness depends on the concentration of the material 
in the solution or speed at which the medium is drawn 
out of the solution. 

[0040] A magnetic recording medium embodying the 
present invention can be used as the recording medium 
of a magnetic disk apparatus. FIG. 8 and FIG. 9 show 
an example. FIG. 8 Is a top view of a magnetic disk ap- 
paratus embodying the present invention In the state 
with the cover removed. FIG. 9 is a cross-sectional view 
along line 9-9 in FIG. 8. 

[0041 ] In these figures, the magnetic disk 1 0 is driven 
by the spindle motor 52 installed on the base plate 51 . 
In this embodiment, three magnetic disks are provided. 
[0042] The actuator 53 is rotatably supported on the 
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